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We consider the application of the Multiple Point Criticality Principle to the Standard Model and its extension 
to the anti-grand gauge group SMG^ U{l)f at the Planck scale. In particular we discuss the predictions for 
the fine structure constants: a"^(0) = 137 ± 9, a~'^(Mz) = 99 ± 5, a~'^(Mz) = 29 ± 6, a~'^(Mz) = 12 ± 6. 
We also present our Standard Model predictions for the top quark and Higgs masses and a SMG^ ® U (1) f fit 
of the quark-lepton masses and mixing angles. We characterise SMG^ (Si U{l)f as the largest possible extension 
of the Standard Model gauge group satisfying some relatively simple assumptions. The resolution of some other 
fine-tuning problems (A^cosmological, ^QCD, ^'^ Higgs) by the multiple point requirement of degenerate vacua is 
briefly discussed. 



1 Introduction 

Using the|-._multiple point criticality principle 
(MPCP) H-ffl together with the assumption that 
the Standard Model Group (SMG) arises as the 
symmetry that survives the Planck scale break- 
down of a more fundamental gauge group taken to 
be the 3-fold Cartesian product of the usual SMG 
(denoted SMG^), we predict the Planck scale val- 
ues of the Standard Model (SM) gauge couplings 
with remarkable accuracy: 



:\Mz 



a. 



predicted 
12 ±6 
29 ±6 
99 ±5 
137 ±9 



experimental 
9.25 ±0.43 
30.10 ±0.23 
98.70 ±0.23 
137.036... 
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The MPCP, which expresses the tendency for 
Nature to assume parameter values corresponding 
to a maximally degenerate vacuum, can explain 
fine-tuned parameters in general. However, the 
proposed underlying mechanism implies a (phe- 
nomenlogically tolerablea) form of non-locality the 
potential paradoxes of which are precisely avoided 
by fulfiUingH the MPCP. 

2 General Features and Assumptions of 
the Model(s) 

The more fundamental gauge group SMG^, be- 
cause it has one SMG factor for each of the three 
generations of fermions, also implies three genera- 
tions of gauge bosons. As SMG^ is a non-simple 



group, it defies GUT models that espouse simple 
groups as the most likely gauge groups beyond the 
SMG. Accordingly SMG^ is referred to as an Anti 
Grand Unified Theory (AGUT) gauge group. 

Inasmuch as the excellence of our predictions 
is contingent upon not encountering new physics 
in doing the renormalization group extrapolation 
from the Planck scale to that of A/^, our model 
does not allow supersymmetry (SUSY). 

We predict that the SMG gauge couplings cor- 
respond to the point - the so-called multiple point 
- in the phase diagram of a lattice gauge theory 
(LGT) with the gauge group SMG^ where the 
maximal number of LGT phases convene. The 
Planck scale values of the couplings are predicted 
to be those of the diagonal subgroup of SMG^ cor- 
responding to the multiple point (MP) of SMG^ . 

The Lagrangian for the gauge group SMG^ 
has for each of the SMG subgroups U(l), SU(2) 
and SU(3) terms of the form 



(2) 



where i,j G {e,/z,T} labels the generation to 
which each of the three SMG factors of SMG^ 
are associated. Going to the diagonal subgroup, 
the terms of Eq. || become identical for each 
SMG subgroup with the result that the diagonal 
subgroup inverse squared couplings for the non- 
Abelian SMG subgroups are enhanced by a fac- 
tor Ngen — 3 while that for U{1) is enhanced by 
roughly a factor \Ngen{Ngen + 1) = 6 for three 
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generations. This factor 6 arises in the Abehan 
case because terms hke Eq. |2]with i ^ j & {e, r} 
are aUowed for U(l) but forbidden by gauge invari- 
ance for the non- Abehan SMG subgroups. 

The phases we seek are usually regarded as 
artifacts of a lattice introduced as a calculational 
device. However, we take a regulator as an onto- 
logical attribute of Planck scale physics inasmuch 
as the consistency of all field theories requires some 
sort of regulator. We use a lattice but in principle 
it could take other forms (e.g., strings). In essence, 
the MPCP leads to finetuning by having multiple 
phase coexistence enforced by having universally 
fixed amounts of extensive quantities. If the inter- 
conversion of such phases occurs by strongly first 
order phase transitions, there will be many com- 
binations of such fixed quantities that can only be 
realized by having the coexistence of more than 
one phase, with the result that intensive quanti- 
ties conjugate to the fixed extensive quantities are 
fine-tuned. 

3 The Analogy of a Fixed Freezing Point 
in a Microcanonical Ensemble 

The MPCP can be illustrated by considering the 
liquid, solid and gaseous phases of water. As tran- 
sitions between these phases are first order (cor- 
responding to finite values of the heats of fusion, 
vapourisation and sublimation), there is a whole 
range of fixed values of the extensive quantities - 
total energy, volume and number of molecules of 
water - that can only be realized by having the co- 
existence of all three phases of water. As a result, 
the intensive quantities conjugate to energy and 
volume (i.e., temperature and pressure) are fine- 
tuned to the values at the triple point of water. 
The triple point in the phase diagram, spanned 
by the variables temperature and pressure, corre- 
sponds to the MP in the phase diagram of a LGT. 

4 The Non-abelian Fine Structure Con- 
stants from Multiple Point Criticality 

As the gauge group SMG^ is non-simple, the idea 
of a LGT phase as well as the functional form of 
the lattice action needs to be generalized in order 
to get the LGT phases to convene at the MP. It 
is in the parameter space of such a generalized 
action that we seek the MP; the various phases 
correspond to different regions of this space. 

Assuming a Planck scale lattice as a physi- 
cal attribute of fundamental physics implies that 



phases distinguishable in the corresponding LGT 
are physical and potentially can have physical con- 
sequences. Using the non-simple SMG^ as the 
gauge group G, there are many distinguishable 
phases on the lattice, because of the many sub- 
groups and invariant subgroups of G = SMG^ . In 
fact, we distinguish one phase for each subgroup 
K and invariant subgroup H such that H<iK C G. 

We classify the various degrees of freedom 
(DOF) as belonging to the different phases accord- 
ing to whether there is spontaneous breakdown of 
gauge symmetry (after fixing the gauge appropri- 
ately) in the vacuum under combinations of two 
types of gauge transformations. These are global 
gauge transformations and local gauge transfor- 
mations of the special type that are generated by 
Lie algebra vectors that depend linearly on space- 
time. Denote these two types of gauge transfor- 
mations by respectively Kconst and A^n. 

Physically, one of our generalized phases cor- 
responds in general to different patterns of fluctu- 
ation for DOF corresponding to different Lie sub- 
algebras. For the phase {H,K) (i.e. H <K C G), 
the DOF associated with the Lie sub-algebra that 
generates the homogeneous space G/K are Hig- 
gsed while the subgroup K corresponds to unHig- 
gsed DOF. The latter DOF have VEVs that are 
invariant under gauge transformations of the type 
^const- The DOF with vacuum expectation values 
(VEVs) that do not spontaneously break gauge 
symmetry at all are confined and correspond to 
the elements of the maximal invariant subgroup 
H invariant under gauge transformations Aconst 
and Klin. Coulomb-like DOF are associated with 
the factor group K/H and have VEVs that are in- 
variant under global gauge transformations Kconst 
but which spontaneously break gauge symmetry 
under the gauge transformations A;i„. 

We have developed generalised lattice actions 
that can provoke confining phases for almost all 
the invariant subgroups H of the non-Abelian sub- 
groups of the SMG including the discrete sub- 
groups. Knowing how to construct approximate 
phase diagrams for the non-Abelian sector of the 
SMG, we can use Monte Carlo results from the 
literature to calculate the diagonal subgroup cou- 
plings corresponding to the MP of SMG^. In 
the case of the non-Abelian couplings, the con- 
tinuum inverse squared couplings for SMG^ can 
essentially be determined from the MP of just one 
of the SMG factors multiplied by the enhance- 
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ment factor Ng^n = 3 (see comments following 
Eq. H). This procedure would be exactly correct 
if all the invariant subgroups of SMG^ were of 
the form of a Cartesian product of factors each 
of which stems unambiguously from one of the 
SMG^ {i e {e,/i,r}) in SMG^. This is true of 
Cartesian product subgroups of SMG^ the fac- 
tors of which have centers that are disjoint except 
for the group identity element. This property, re- 
ferred to as factorizability, characterizes almost all 
of the non-Abelian subgroups of SMG^. 

5 The More Elusive U{1) Fine Structure 
Constant Calculation 

Constructing an approximate phase diagram for 
the Abelian sector of SMG^ is more complicated 
than for the non-Abelian DOF, because all the (in- 
finitely many) subgroups of SMG^ are invariant 
subgroups (since U{lY is Abelian). Each of these 
can potentially be made to confine separately from 
the rest of the group and therefore should ideally 
convene at the MP. As many of these invariant 
subgroups are not factorizable in the sense dis- 
cussed above, we must deal with the whole Abelian 
sector U{1)^ in determining the diagonal subgroup 
coupling corresponding to the MP of SMG^ . This 
latter is our prediction at the Planck scale for the 
U(l) hypercharge. 

In the approximation in which we deal with 
just a single U(l) in determining the Planck scale 
inverse squared coupling, the enhancement factor 
in going to the diagonal subgroup is more than 
twice the factor 3 in the non-Abelian case. This is 
due to the interactions between the U{\Y (with i G 
{e,/j,, r}) in C/(l)^. These interactions are related 
to the fact that, even in the continuum, terms for 
which i ^ i ^ {e, /z, r} are allowed in Eq. |^. 

In treating the Cartesian product of U{1) 
groups, we use a geometrical description of the 
rather complicated system of coupling constants 
possible for several Abelian gauge fields which can 
interact via Lagrangian density terms such as Eq. 
H with i ^ j £ {e,/i, r}. Basically, this method 
uses the square root of the (Manton) plaquette 
action as the distance in group space. Because of 
the interactions between the U(l) gauge group fac- 
tors of U{lY , the gauge couplings can be adjusted 
so as to have hexagonal symmetry for the geome- 
try of the identification lattice of points identified 
in the covering group upon compactifying to 
U{lY. In this formulation, invariant subgroups 



correspond to lines, planes and 3-dimcnsional fig- 
ures spanned by the hexagonal identification lat- 
tice points. Hence, if a phase for which an invari- 
ant subgroup H is rendered confining convenes at 
the MP, then so do all subgroups into which H 
can be rotated under the symmetry operations of 
the hexagonal identification lattice. Implementing 
hexagonal symmetry in this manner, we get what 
we believe to be the maximum number of phases 
to convene at the MP. 

For the important discrete subgroups (i.e. Z2 
& Z3), there is some ambiguity as to the ex- 
tent that the hexagonal symmetry can be realized. 
This ambiguity is reflected in the uncertainty of 
our prediction for the U(l) coupling. 

6 The Higgs and Top Masses 

The application of the MPCP to the pure SM with 
s. desert up to the Planck scale gives a prediction 
H of the Higgs boson and top quark masses, which 
is independent of the nature of the fundamental 
gauge group at the Planck scale. We use that 
the renormalisation group improved SM effective 
Higgs potential 14ff (0) should have two degenerate 
minima: Ve//((/)min 1 = 246GeV) = Vcff(0min2)- 
This means that the vacuum in which we live 
lies on the vacuum stability curve and, hence, the 
Higgs mass is determined as a function of the top 
quark mass. If we use the combined CDF and 
DO value for the top quark pole mass given at 
this conference, Mt — 175 ± 6 GeV, the Higgs 
pole mass is predicted to be Mh = 139 ± 15 
GeV. However, as pointed out in sections 2 and 
3, for the MPCP to function properly, we require 
a strongly first order phase transition. Since we 
are taking the Planck scale to be the fundamen- 
tal scale, this means that we should take 4>mXn 2 — 
-Mpianck ~ 10"'^^ GeV. So wc obtain a prediction for 
both the top quark and Higgs boson pole masses: 
Mt = 173 ± 5 GeV Mh = 135 ± 9 GeV. 

7 The Fermion Mass Hierarchy 

In order to understand the other quark and lep- 
ton masses, it is necessary to introduce chiral 
quantum numbers beyond those of the SMG. 
The broken chiral gauge quantum numbers in our 
SMG^ model distinguish between the three gen- 
erations and have the potential to generate the 
fermion mass and mixing hierarchy. This hierar- 
chy corresponds to different degrees of suppres- 
sion for various transitions from right-handed to 
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left-handed fermion states, each of which carry 
different SMG^ gauge quantum numbers. The 
mass gaps between the three generations can be 
explained by suppression factors due to the par- 
tial conservation of these chiral quantum num- 
bers. However in order to explain the mass split- 
tings within each generation (such as the top to 
bottom quark mass ratio), it is necessary to ex- 
tend the SMG^ gauge group by an abelian flavour 
group factor U{l)f. The new C/(l)/ charges for 
the fermions are essentially uniquely determined 
by the anomaly cancellation conditions. This 
SMG^ ® U{l)f model gives the order of magni- 
tude fit la in Table 2 of the contribution to these 
proceedings by Froggatt, Nielsen & Smith. 

8 The maximal AGUT Group 

It is interesting to note that the SMG^ ® J7(l)/ 
Planck scale gauge group, which we have intro- 
duced on phenomenological grounds, can in fact be 
characterised as the largest possible AGUT gauge 
group G satisfying the following assumptions: 

1. The gauge group G should be a subgroup of 
the group U(45) of unitary transformations of the 
known quark and lepton Weyl fields (3 generations 
with 15 in each). 

2. G should not unite the SMG irreducible repre- 
sentations, i.e. it should leave the 3 x 5 = 15 irre- 
ducible representations of the SMG as irreducible. 

3. G should have no gauge nor mixed anomalies 
(and no Witten anomaly). 

4. G should be the maximal group satisfying the 
above conditions. 

These assumptions lead to the identification 
of G as SMG^ ® C/(l)/, with the breaking to the 
SMG as a diagonal subgroup of G, as we supposed 
in the previous sections. 

9 Conclusions 

When the multiple point criticality principle of 
degenerate vacua is combined with our maximal 
AGUT gauge group, SMG^ ® t/(l)/, we obtain 
very good predictions for many of the parameters 
of the Standard Model. It is important for the 
predictions that the model has a desert with the 
Standard Model valid all the way up close to the 
Planck scale. In particular the existence of super- 
symmetric partners at accessible energies would 
spoil our successful predictions of the fine struc- 
ture constants and the top quark mass. Apart 
from the Higgs particle, predicted to have a mass 



of 135 ± 9 GeV, we expect very little new physics 
to be found in future generations of accelerators. 
There are just a few possibilities: 

1. Flux strings for discrete gauge groups close to 
the confinement- Coulomb phase transition. 

2. Scalar particles in the same multiplet as the 
Weinberg-Salam Higgs particle. 

3. Particles decoupled from the ones we know. 

The principle of degenerate phases is also 
promising for the solution of some standard fine- 
tuning problems. Both a vanishing cosmological 
constant, Acosmoiogicai = 0, and strong CP con- 
servation, Qqcd — ftnare characterised as meet- 
ing points of phases Qia. Unfortunately, however, 
our hope of explaining the gauge hierarchy prob- 
lem, in terms of a vanishing Higgs mass at a phase 
boundary, fails for the strongly first order phase 
transition we have argued for in section 6. 

Perhaps the most far reaching new physics 
suggested by our model is a lack of locality at the 
fundamental level, much in the same way as in 
baby universe theory. These non-local effects are 
the same all over space and time and are precisely 
of the type which we need to explain the existence 
of degenerate vacua. Indeed we seem to predict 
the appearance of a new vacuum in the future. 
This raises the interesting question of how the crit- 
ical size bubble of new vacuum is to be produced 
and whether human activity is needed to trigger 
it off. 
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